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Lateralized behaviours are widespread among the animals, including insects with their miniature brains, perhaps being a way of maximising neural capacity (reviewed in [1, 2] ). However, evidence for functional asymmetries in the neural circuitry itself is scarce. Here, using bilateral simultaneous recordings from the ex vivo nervous system of desert locusts, we show that the neural control of their forelimbs is asymmetric. This asymmetry was retained throughout the experimental period and either with or without the suboesophageal ganglion (SOG). These fi ndings provide evidence for hard-wired neural sidedness and contribute to our understanding of the lateralization observed in in-vivo motor behaviours.
To investigate the bilateral neural control of the forelimbs in locusts, we collected bilateral recordings from 35 ex vivo ventral cord preparations ( Figure 1A ). The data are from both right and left prothoracic leg-depressor nerves -each including the excitatory fast and slow depressor units, which were analysed together -recorded extracellularly (example in Figure 1B ) following activation by bath application with the muscarinic receptor agonist pilocarpine (see Supplemental Information for details).
To compare between left and right motor patterns in the prothoracic ganglion, 8 min recordings were binned into custom-made windows (designed to encompass one cycle of activity; see Supplemental Information), and the number of spikes in each window was calculated. A lateralization index was defi ned as the number of spikes in corresponding windows, subtracted left from right (r -l), normalized by the total number of spikes in both, and averaged for each animal. The distribution of the results was found to be abnormal (one-sample Kolmogorov-Smirnov test, p < 0.01), with a bias towards higher activity in the left motor neurons ( Figure 1C) .
We fi rst asked whether the shifted distribution of averaged spike differences could refl ect a signifi cant asymmetry in the population. To this end, we randomized the order of binned spike counts in two ways: fi rst, keeping sides while mixing individuals; and second, mixing both sides and individuals. In each shuffl ing condition 35 fi ctive animals were generated (equal to our database), with 88 bins (the average number of bins in the experiments). The lateralization index was calculated for these new sequences of paired windows and compared ( Figure 1D ). While the products of the latter shuffl ing distributed around zero, the randomization of the Correspondence former demonstrated a consistent shift towards the left: namely, the bias in number of spikes per cycle of activity exceeded random bias and revealed a signifi cant asymmetry towards the left in the dataset (Wilcoxon rank sum test, p < 0.001; Figure 1D ).
As the above analyses do not provide direct information about individual asymmetries, we compared the binned spike activity between the sides for each individual. We found that in the majority of individuals (20/35) spike count was signifi cantly higher on one side compared to the other (Wilcoxon signed rank test with Bonferroni correction; summary in Table S1 ). This was also confi rmed by a bias size greater/lower than ± 0. Current Biology 28, R1283-R1295, November 19, 2018 R1291 details; Figure 1E ; agreement between the two methods: 91.4%).
To further confi rm this fi nding, we also examined whether this effect is independent of the order of the binned spike counts over time: we randomly shuffl ed the order of windows within each animal, either preserving the original sides of the window or mixing them, resulting in 35 new bin sequences in each condition. Subsequently, the lateralization index between the new paired windows was measured, and the absolute value of the average per sequence was calculated. The shuffl ing that preserved the original sides revealed a higher biased activity that signifi cantly exceeded random bias, demonstrated by the mixing-sides shuffl ing (Wilcoxon rank sum test, p < 0.001; Figure S1A ).
To test whether the hard-wired lateralization is linked to higher motor centers, we examined whether it is infl uenced by the SOG, considered to modulate bilateral coordination. Therefore, in a subset of individuals (N = 16) we recorded motor output before and after the removal of the SOG in order to determine whether the individual asymmetry persists independently of the SOG. Consequently, we calculated the correlation between the Cohen's d of each individual before and after SOG removal. The two conditions showed a high correlation (r = 0.835, p < 0.001), indicating that the asymmetry is consistent irrespective of the SOG (Figure 1Fi) .
Finally, to separate between the effect of SOG and a potential time effect, we checked for asymmetry consistency along the 8 minute recordings without the SOG: we measured the correlation of the Cohen's d along time (fi rst 4 minutes against last 4 minutes) and found the size of the bias to be remarkably stable along the recordings (r = 0.918, p < 0.001; Figure 1Fii) .
Based on the extracellular bilateral motor output recordings of 35 individuals, we identifi ed a populationlevel asymmetry in forelimb neural control ex vivo, with most locusts showing a signifi cant bias towards the left side. Does this neural asymmetry translate into a lateralized motor behaviour? Answering this question will require further studies in which single animals are assessed for individual-level motor asymmetries and subsequently tested for bilateral recordings. Asymmetric motor control of fl ight muscle at the behavioural and motor output levels was previously reported for the desert locust in a qualitative way in a few individuals by Wilson (1968) [3] . Also, individual-level preference for forelimb use has been described for locusts by Rowell (1964) [4] and more recently in about 30% of the population for specifi c context-dependent behaviours such as gap crossing, in which lateralized animals performed better [5, 6] .
Our results provide a new perspective on these lateralized behaviours, revealing a hard-wired asymmetry that could partially explain the neural basis of behavioural motor biases. But our data also show a higher number of asymmetrical individuals (about 57% of individuals) compared to the behavioural biases reported in the same species [5] . The difference could be explained by multiple factors, including contextdependent behavioural lateralizations, but also differences in asymmetries in the nervous system in isolated vs intact animals. D. melanogaster locomotor lateralization tested in a Y-maze, for example, increased in strength at the individual level when central neurons were silenced [7] . This indicates a possible scenario of hierarchical asymmetries in the nervous system, in which neuronal asymmetries at the periphery are dampened by centrifugal neurons. Moreover, the animal's morphology itself might produce a behavioural asymmetry and the neuromotor output could help to counterbalance this effect, but no studies have tackled this question so far.
Despite the prominence of lateralized behaviours in invertebrates [1, 2] , neurophysiological differences between sides have been reported in only a few models [1] -for example, Apis mellifera [8] and Caenorhabditis elegans; reviewed in [9] -and no studies investigated forelimb lateralization of motor outputs. Our data add new evidence to this scarce body of literature, and support the notion that asymmetries are an "inherent trait" of the nervous system, conserved across various taxa. The locust might offer future insights on this topic, eventually helping in understanding the occurrence, implementation and functional role of neural asymmetries in miniature systems [2, 10] .
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